Inducible costimulatory molecule (ICOS) plays a pivotal role in T cell activation and Th1/Th2 differentiation. ICOS blockade has disparate effects on immune responses depending on the timing of blockade. Its role in transplantation immunity, however, remains incompletely defined. We used a vascularized mouse cardiac allograft model to explore the role of ICOS signaling at different time points after transplantation, targeting immune initiation (early blockade) or the immune effector phase (delayed blockade). In major histocompatibility-mismatched recipients, ICOS blockade prolonged allograft survival using both protocols but did so more effectively in the delayed-treatment group. By contrast, in minor histocompatibility-mismatched recipients, early blockade accelerated rejection and delayed blockade prolonged graft survival. Alloreactive CD4 + T cell expansion and alloantibody production were suppressed in both treatment groups, whereas only delayed blockade resulted in suppression of effector CD8 + T cell generation. After delayed ICOS blockade, there was a diminished frequency of allospecific IL-10-producing cells and an increased frequency of both IFN-g-and IL-4-producing cells. The beneficial effects of ICOS blockade in regulating allograft rejection were seen in the absence of CD28 costimulation but required CD8 + cells, cytotoxic T lymphocyte antigen-4, and an intact signal transducer and activator of transcription-6 pathway. These data define the complex functions of the ICOS-B7h pathway in regulating alloimmune responses in vivo.
Introduction
An efficient T cell response requires costimulatory signals delivered by APCs in addition to specific antigen signals acting on the T cell receptor (TCR). The prototypical costimulatory molecule CD28 provides a strong mitogenic signal, induces a large array of effector cytokines, and upregulates cell survival genes such as Bcl-x L (1-3). The CD40-CD154 pathway is another key pathway for T cell activation (4) (5) (6) . However, it is apparent that T cell activation and transplant rejection can proceed in the absence of CD28-B7 or CD40-CD154 signals, since mice lacking CD28 are able to acutely reject cardiac allografts (7, 8) , and CD154-deficient mice go on to develop chronic rejection (9) . In addition, memory T cells (10, 11) and CD8 + T cells (12) , both important mediators of allograft loss, are far less dependent on these costimulatory signals than naive T cells, making them less susceptible to costimulatory blocking strategies.
Inducible costimulatory molecule (ICOS), another member of the CD28 superfamily, has unique roles in T cell activation and differentiation (13) (14) (15) , splenic germinal center formation, and immunoglobulin class switching (14, 16, 17) . ICOS is inducible within 48 hours of T cell activation on both CD4 + and CD8 + cells (13) after CD28 signaling (18) , whereas cytotoxic T lymphocyte antigen-4 (CTLA-4) ligation prevents its upregulation (19) . ICOS binds to its ligand B7h (20) (21) (22) (23) (24) , which is constitutively expressed at low levels on the surface of APCs and is upregulated by TNF-α or lipopolysaccharide (25) . ICOS regulates both Th1 and Th2 cell differentiation (3, 15, 18, (26) (27) (28) (29) (30) (31) . Recent reports have suggested that CD28 and ICOS play disparate roles in T cell differentiation, CD28 signaling being responsible for T cell priming and ICOS signaling regulating effector responses (3, 32, 33) . In a model of autoimmune encephalomyelitis, ICOS
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blockade during immune priming exacerbates the disease, but blockade during the effector phase ameliorates it (33) . The precise reason for this disparity is unclear, but it is known that ICOS-B7h signal blockade during antigen priming impairs Th2 development and may thus lead to Th1 polarization, hence exacerbating autoimmune disease (33, 34) as well as acute graft-versus-host disease (35) . These observations are supported by the findings of lethal autoimmune disease that develops in ICOS-deficient mice (15) . In transplantation models, ICOS expression was found to be upregulated in cardiac allografts during acute rejection, and ICOS-B7h pathway blockade produced a modest but significant prolongation of graft survival (30) . However, the effect of ICOS blockade during different phases of the alloimmune response was not addressed. Such understanding is of considerable importance for the potential translation of ICOS blockade strategies to a clinical setting. In this study, we report on the role of ICOS-B7h signaling at different time points in the alloimmune response in vivo and its unique mechanism controlling alloimmune responses in vivo.
Methods
Animals. C57BL/6 (H-2 b ) and BALB/c (H-2 d ) mice were purchased from Taconic Farms (Germantown, New York, USA). WT 129S1/SvImJ (H-2 b ) and B10.D2 (H-2 d ) mice were from the Jackson Laboratory (Bar Harbor, Maine, USA). ICOS-deficient (ICOS -/-) 129S4/SvJae (H-2 b ) mice (14, 29) were maintained in accordance with the institutional guidelines of the Brigham and Women's Hospital and Harvard Medical School. BALB/c background signal transducer and activator of transcription-4 -/-(STAT4 -/-) or STAT6 -/-mice were purchased from the Jackson Laboratory. Animals were used at 6-10 weeks of age.
Reagents and antibodies. The anti-ICOS mAb 7E.17G9 (rat IgG2b isotype) (18) , anti-B7h mAb HK5.3 (rat IgG2a isotype) (36) , and anti-CTLA-4 mAb 4F10 (a kind gift of J. Bluestone) (37) have all been described previously. These antibodies were produced by Bioexpress Cell Culture Services (West Lebanon, New Hampshire, USA). Anti-CD8-depleting mAbs were prepared from hybridoma 2.43 (rat anti-mouse CD8) obtained from American Type Culture Collection (Manassas, Virginia, USA).
Cardiac transplantation and treatment protocols. BALB/c mice (WT, STAT4 -/-and STAT6 -/-) were used as recipients and C57BL/6 or B10.D2 mice as donors. 129S1/SvImJ WT mice and 129S4/SvJae ICOS -/-mice were used as recipients and fully allogeneic BALB/c WT mice as donors in some experiments. Vascularized heart grafts were transplanted using microsurgical techniques as described by Corry et al. (38) . Briefly, donor and recipient mice were anesthetized with pentobarbital. Donor hearts were harvested and placed in chilled physiological saline, during which time the recipient mice were prepared. The donor heart was anastomosed to the recipient abdominal aorta and inferior vena cava using microsurgical techniques. Graft function was assessed by daily palpation of the abdomen. Rejection was defined as complete cessation of cardiac contractility as determined by direct visualization. Loss of graft function within 48 hours after transplantation was considered a technical failure (less than 5% on average), and these animals were excluded from further analysis. Graft survival is shown as the median survival time (MST) in days. Recipients received anti-ICOS mAb or anti-B7h mAb (early treatment protocol, 500 µg intraperitoneally on day 0 and 250 µg intraperitoneally on days 2, 4, and 6; delayed treatment protocol, 500 µg intraperitoneally on day 4 and 250 µg intraperitoneally on days 6, 8, and 10). In some experiments, anti-CTLA-4 mAb was administered (500 µg intraperitoneally on day 0 and 250 µg intraperitoneally on days 2, 4, and 6) alone or in conjunction with anti-ICOS mAb using early or delayed treatment protocols. CD8 + T cell depletion was achieved by treating mice preoperatively with 100 µl of ascites containing anti-CD8-depleting mAb (roughly equivalent to 100 µg of purified antibody) on days 6, 3, and 1 before transplantation (8) . This regimen ensures over 95% depletion of CD8 + cells in the peripheral blood on the day of transplantation.
ELISPOT assay. The technique for ELISPOT analysis has been described recently by our group and others (8, (39) (40) (41) . Immunospot plates (Cellular Technology Ltd., Cleveland, Ohio, USA) were coated with 4 µg/ml of rat anti-mouse IFN-γ mAb (R4-6A2), rat anti-mouse IL-4 mAb (BVD4-1D11), or rat anti-mouse IL-10 mAb (JES5-2A5)(all from Pharmingen, San Diego, California, USA) in sterile PBS overnight. The plates were then blocked for 1 hour with sterile PBS containing 1% BSA-fraction V and washed three times with sterile PBS. Splenocytes (10 6 in 200 µl of HL-1 medium containing 1% L-glutamine) were then placed in each well in the presence of 10 6 irradiated (30 Gy) syngeneic or allogeneic splenocytes and cultured for 24 hours at 37°C in 5% CO 2 . After washing with PBS followed by washing with PBS containing 0.05% Tween (PBST), 2 µg/ml of biotinylated rat anti-mouse IFN-γ detection mAb (XMG1.2) or 4 µg/ml of biotinylated anti-mouse IL-4 mAb (BVD6-24G2) or IL-10 mAb (SXC-1) (all from Pharmingen) were added overnight. The plates were then washed four times in PBST, followed by 2 hours of incubation with horseradish peroxidase-conjugated streptavidin (Dako, Carpenteria, California, USA) diluted at 1:2000 in PBS/1% BSA. After washing three times with PBST followed by PBS, the plates were developed using 3-amino-9-ethylcarbazole (Sigma-Aldrich, St. Louis, Missouri, USA). The resulting spots were counted on a computer-assisted enzyme-linked immunospot image analyzer (Cellular Technology Ltd.), and frequencies were expressed as the number of cytokine-producing spots per million splenocytes. In additional experiments, splenocytes were depleted of CD8 + cells by incubating splenocyte preparations with anti-CD8 mAb (clone 53-6.7, Pharmingen) followed by magnetic bead depletion (Dynal, Oslo, Norway), as per the manufacturer's instructions.
CD8 + effector T cell enumeration. Recipient splenocytes were isolated 10 days after transplantation, and red cells were lysed with AKLysis buffer (Biowhittaker, Walkersville, Maryland, USA). Cells (10 6 ) were stained with anti-CD8-FITC, anti-CD62L-APC, and anti-CD44-PE (all from Pharmingen). Flow cytometry was performed using a FACSCalibur flow cytometer system (Beckton Dickinson, San Jose, California, USA) and analyzed using CellQuest software (Becton Dickinson). Percentages of effector CD8 + cells expressing the CD44 high CD62L low phenotype were measured in triplicate, as previously described (42) . Results are representative of three experiments.
Measurement of serum alloantibody. Naive splenocytes (10 6 ) of donor strain C57BL/6 were incubated for 30 minutes at 4°C with 50 µl of serially diluted sera obtained from naive BALB/c or C57BL/6 mice (controls), C57BL/6 heart recipients on days 10-14 after transplantation with no treatment, and those treated with either early or delayed anti-ICOS mAb. Cells were washed twice, incubated with 50 µl of FITC-conjugated anti-mouse IgG1 or anti-mouse IgG2a (both from Pharmingen) at 4°C for 30 minutes, and analyzed by flow cytometry using a FACSCalibur (Becton Dickinson) and CellQuest software (Becton Dickinson). The percentage of donor cells stained at each serum dilution and the relative median fluorescence was determined (43) and compared with that of control samples.
Adoptive transfer of CD4 + TCR transgenic T cells. WT or nude C57BL/6 mice were adoptively transferred with 2-3 million CD4 + T cells from anti-bm12 (ABM) mice carrying a TCR transgene reactive to a mutant class II MHC, I-A bm12 , expressed in bm12 mice (44) (45) (46) . Recipients were then transplanted with bm12 skin grafts as described (45, 46) . In this model, the alloreactive CD4 + T cells can be tracked using specific mAbs to the transgenic TCR Vα2 and Vβ8 chains (46) . While some transplanted mice were left untreated, others received anti-ICOS mAb according to either the early-or delayed-treatment protocols described above. Ten days after transplantation, the draining lymph nodes were removed and stained with anti-CD4-PerCP, anti-Vα2.1-FITC and anti-Vβ8.1-biotin, followed by streptavidin-APC as well as annexin V-PE (all from Pharmingen) to quantitate in vivo alloreactive T cell expansion and apoptosis. Cells were analyzed by flow cytometry using a FACSCalibur (Becton Dickinson) and CellQuest software (Becton Dickinson).
Histology. Allogeneic heart grafts were harvested 10 days after transplantation. All specimens were fixed in 10% buffered formalin and embedded in paraffin. Coronal sections were cut and stained with hematoxylin and eosin. Light microscopy was performed to assess overall cellularity and preservation of myocardial tissue.
Statistics. To calculate graft survival, Kaplan-Meier survival graphs were constructed, and the log-rank comparison of the groups was used to calculate P values. Significant differences between experimental groups in the ELISPOT assay, transgenic CD4 + T cell model, effector CD8 + T cell generation assay, and alloantibody production assay were analyzed using Student's t test. Differences were considered to be significant when P was less than 0.05.
Results

ICOS-B7h signal blockade with anti-ICOS or anti-B7h mAb
prolongs cardiac allograft survival. We used a previously described blocking anti-ICOS mAb (18) days with an MST of 9 days. Early (days 0, 2, 4, and 6) anti-ICOS mAb treatment significantly extended graft survival (MST, 16 days), and delayed (days 4, 6, 8, and 10) treatment further prolonged allograft survival (MST, 30 days), with 20% of grafts surviving long-term (more than 60 days) ( Figure 1a ). Importantly, it was the delay in starting therapy rather than the duration of therapy that was critical, since administration of anti-ICOS mAb from day 0 to day 10 every other day did not result in improved outcome as compared with early anti-ICOS mAb treatment (MST, 18 days; n = 4; not statistically significant versus the early-treatment group).
We then compared allograft survival in WT and ICOS -/-(129 background) recipients (14) . ICOS -/-recipients had prolonged cardiac allograft survival (BALB/c donors) of a magnitude similar to that of the early anti-ICOS mAb treatment group (MST, 14 days) (Figure 1b) .
Similarly but more effectively, using the anti-B7h mAb to target ICOS ligand, early blockade extended graft survival (MST, 20 days), and delayed treatment promoted even greater prolongation of allograft survival (MST, more than 70 days), with 60% of recipients exhibiting long-term graft survival (Figure 1c ). This highlights the universal effect of the delayed blockade of the ICOS-B7h signaling pathway in vivo.
Furthermore, histological assessment of rejected grafts mirrored the survival data. In untreated control recipients (Figure 2a ), diffuse mononuclear cell infiltration with associated myocyte necrosis and interstitial hemorrhage was seen. In the anti-ICOS mAb earlytreatment group, there was scattered inflammatory cell infiltration within the grafts with relatively preserved myocytes (Figure 2b) , whereas in the delayed-treatment group little inflammatory infiltrate was seen, and myocytes were undamaged (Figure2c).
These findings are in contrast to some of the reported results in the experimental autoimmune encephalomyelitis (EAE) model, in which ICOS deficiency and early ICOS blockade exacerbated disease, but late blockade ameliorated it (33, 34) . One important difference between auto-and alloimmune responses is the frequency of responding antigen-specific T cells, with significantly higher frequencies of alloreactive T cells (47) . Therefore, in order to investigate whether alloreactive T cell clone size was important in determining the outcome of ICOS blockade in vivo, we transplanted minor-mismatched B10.D2 cardiac allografts into BALB/c recipients and blocked the ICOS pathway with anti-ICOS mAb. We recently reported that the frequency of alloreactive T cells is 5-10 times lower in the same strains of minor versus major-mismatched allograft recipients (48) . Although untreated recipients rejected their grafts with an MST of 26 days, delayed ICOS blockade again resulted in significantly prolonged graft survival, with an MST of 100 days (P = 0.049 as compared with controls and 0.0008 as compared with early blockade). Interestingly, early blockade was associated with decreased graft survival (MST, 12 days), although this was not statistically different from untreated controls (Figure 1d ). This somewhat unusual result, in which an immunomodulatory strategy is less effective in minor-mismatched versus major-mismatched combinations, demonstrates that the alloreactive T cell clone size has a great effect in determining the outcome of ICOS-B7h blockade.
Role of ICOS-B7h in alloreactive CD4 + T cell expansion in vivo. ICOS has been shown to regulate antigen-specific CD4 + T cell activation and cytokine production (18) . To investigate the role of ICOS-B7h signaling in expansion of alloreactive CD4 + T cells in vivo, we made use of a newly developed CD4-dependent alloreactive TCR transgenic model (44) (45) (46) . This model allowed us to track the expansion of alloantigen-specific CD4 + T cells in vivo during the process of allograft rejection, and we have recently described the kinetics of such expansion (46) . Ten days after transplantation, both early and delayed ICOS blockade resulted in a significant reduction (54% and 53%, respectively) in expansion of alloantigen-specific CD4 + T cells (P < 0.0001 for either as compared with untreated transplant controls) (Figure 3a) . Moreover, this reduction was not due to increased CD4 + T cell apoptosis, since there was no difference in the percentage of annexin Vstained cells between the groups (Figure 3b) .
Effect of early and delayed ICOS blockade on alloantigen-specific cytokine production. Since differences in IFN-γ production after early and delayed ICOS blockade were previously described in experimental autoimmune models (33) , and since ICOS is known to influence Th1 and Th2 cell differentiation (28), we studied alloantigen-specific Th1 (IFN-γ) and Th2 (IL-4 and IL-10) cytokine production in recipients treated with early or delayed ICOS blockade, using a previously published ELISPOT assay (40) . Recipient splenocytes were collected 10-14 days after transplantation, and the frequency of IFN-γ-, IL-4-and IL-10-producing allospecific cells was measured. In the delayed-but not the early-treatment group, the frequency of alloreactive IFN-γ-producing splenocytes was increased as compared with the untreated control recipients (P = 0.0115 as compared with control) (Figure 4a significantly decreased the frequency of IL-10-producing cells (P = 0.0047 for both early and delayed treatment as compared with controls) (Figure 4b ). Interestingly, early blockade produced a slight but nonsignificant increase in the frequency of IL-4-producing cells as compared with controls, whereas delayed blockade significantly increased the IL-4-producing T cell frequency (P = 0.0006 as compared with controls) (Figure 4c ). Furthermore, after ex vivo depletion of CD8 + T cells from splenocyte preparations, IL-4 production was diminished in both control and delayed ICOS blockade groups, although only the decline in the delayed ICOS blockade group was significantly greater than in controls (P = 0.035 for CD8-depleted ICOS blockade recipients as compared with CD8-depleted control recipients) (Figure 4d ). These data demonstrate that in the context of alloimmune responses, delayed ICOS blockade significantly augments IFN-γ and IL-4 production, while diminishing IL-10 production, and that induction of IL-4 production is dependent on a subset of alloreactive CD8 + T cells. We then investigated the role of the ICOS-B7h pathway in alloreactive Th1/Th2 cell differentiation by using STAT4-or STAT6-deficient animals with polarized T helper cell environments. Consistent with previous reports (40) , both STAT4 -/-(Th1-defective) and STAT6 -/-(Th2-defective) recipients were able to reject allografts with a tempo similar to that of WT recipients (MST, 10 days for both groups). In a similar fashion to WT recipients, delayed treatment with anti-ICOS mAb resulted in significant prolongation of allograft survival in STAT4 -/-animals (MST, 24 days) (Figure 5a ). By contrast, in STAT6 -/-mice, delayed anti-ICOS mAb did not extend allograft survival at all as compared with the untreated control group (Figure 5b) . This is not due to an inherent resistance of STAT6 -/-recipients to T cell costimulatory blockade, since CTLA-4 Ig prolonged cardiac allograft survival in these recipients (41) . These data suggest that prolongation of allograft survival by ICOS blockade requires an intact STAT6 pathway.
The role of ICOS in generation of alloreactive effector CD8 + T cells in vivo.
The outcome of ICOS signaling on CD8 + T cell function is unclear (31, (49) (50) (51) . In order to assess the effect of ICOS-B7h blockade on alloreactive CD8 + T cells, we measured the percentage of effector CD8 + cells (expressing a CD62L low CD44 high phenotype) generated 10 days after transplantation, in untreated control recipients and in recipients treated with early or delayed ICOS blockade. A significant decrease (34%) in the percentage of effector CD8 + cells was observed only in the delayed-treatment group (P < 0.005 as compared with controls) (Figure 6, a and b) . These data clearly show that ICOS signaling is necessary for the generation and/or maintenance of alloreactive CD8 + effector T cells, and that this effect occurs after T cell priming.
The role of ICOS in alloantibody production. ICOS signaling plays a major role in immunoglobulin class switching (14, 17) . To assess the role of ICOS-B7h on humoral alloimmune responses, we measured the levels of donorspecific alloantibody production by flow cytometry 10-14 days after transplantation in recipients treated with delayed anti-ICOS mAb. High levels of alloantibodies of IgG2a (Figure 6c ) and IgG1 (Figure 6d ) isotypes were observed in the sera of the untreated control recipients, which were significantly decreased after delayed ICOS blockade (P < 0.01 as compared with control
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Figure 3
Expansion and apoptosis of alloreactive CD4 + T cells after ICOS-B7h blockade. After adoptive transfer of transgenic ABM CD4 + T cells into nude mice, the animals were transplanted with bm12 skin and left untreated or were given anti-ICOS mAb according to the two protocols. Ten days later, draining lymph nodes were removed and the number of alloreactive CD4 + T cells was examined (a). To control for homeostatic proliferation, some animals were adoptively transferred with cells but received no transplant (AT only), and these demonstrated only modest proliferation. By comparison, there was a marked expansion of CD4 + T cells after transplantation, which was significantly reduced after early and delayed ICOS-B7h blockade (by 54% and 53%, respectively; ***P < 0.0001 for either as compared with transplant controls). (b) By gating on the transgenic CD4 + T cells, the percentage of alloreactive cells undergoing apoptosis was measured by annexin V staining. There was no difference in the percentage of cells undergoing apoptosis between controls and early or delayed blockade, demonstrating that the reduction in expansion after ICOS-B7h blockade was not simply due to increased apoptosis. FL2-H, annexin V.
untreated animals) (Figure 6, c and d). Similar results were obtained with early blockade (data not shown).
These data demonstrate the importance of ICOS signaling in the generation of class-switched alloantibodies.
The effect of ICOS blockade is dependent on CD8 + T cells.
We then explored the effect of ICOS blockade on CD4 + T cell-mediated rejection. Consistent with our previous results, transiently CD8 + T cell-depleted recipients demonstrated modest prolongation of allograft survival (8) . In recipients treated with either early or late anti-ICOS mAb, CD8 + T cell depletion completely abrogated the prolonged graft survival that ICOS blockade alone produced (Figure 7a ). Moreover, a similar loss of graft prolongation was found when BALB/c hearts were transplanted into CD8-deficient C57BL/6 mice ( Figure 7b ). These observations indicate that ICOS blockade cannot prevent solely CD4 + T cellmediated rejection, which may be due to a lack of effect of ICOS blockade on CD4 + T cells or a lack of a population of CD8 + T regulatory cells (52) (53) (54) (55) . Given the data demonstrating significant inhibition of alloreactive CD4 + and effector CD8 + T cell expansion, as well as the cytokine profiles described above, these results demonstrate that the beneficial effects of ICOS blockade on graft survival are dependent on the presence of a population of regulatory CD8 + T cells.
Interactions between the ICOS-B7h and CD28/CTLA-4-B7
pathways. In the absence of CD28 signaling, allografts can be rejected, albeit at a slower rate (8, 56) . In part, this is thought to be due T cell activation using alternative costimulatory pathways. Furthermore, there are complex interactions between ICOS-B7h and the CD28-B7 pathways. CD28 costimulation upregulates ICOS expression (18) , whereas ligation of B7h results in downregulation of CD86 expression on APCs (57) . Therefore, we investigated the effect of ICOS blockade in regulating alloimmune responses in the absence of CD28 costimulation. Untreated CD28-deficient C57BL/6 recipients rejected their BALB/c grafts with an MST of 16 days. Both early (MST, 31 days) and delayed (MST, 70 days) ICOS blockade in
Figure 4
Frequency of alloantigen-specific cytokine-producing cells in recipients treated with early or delayed anti-ICOS mAb. BALB/c WT recipients transplanted with C57BL/6 grafts were sacrificed 10 days after transplantation and their spleen cells used as responders, while irradiated spleen cells from naive C57BL/6 mice were used as stimulators. Data represent mean ± SEM of triplicates from 3-5 animals per group. (a) IFN-γ. Early anti-ICOS mAb-treated recipients exhibited a similar frequency of alloreactive IFN-γ-producing T cells as untreated recipients, while delayed anti-ICOS mAb-treated mice had significantly increased frequencies (P = 0.0115 versus untreated control). (b) IL-10. Both early and delayed ICOS blockade resulted in significantly reduced frequencies of IL-10-producing alloreactive T cells (P = 0.0047 for both early and delayed versus controls). (c) IL-4. Only delayed blockade produced a significant increase in the IL-4-producing frequencies (P = 0.0006 versus controls). (d) IL-4 production by splenocytes following ex vivo CD8 + depletion. There was a reduction in IL-4 frequencies following ex vivo CD8 + T cell depletion using splenocytes from both controls and delayed ICOS blockade groups, although this was only significant in the animals treated with delayed ICOS blockade (P = 0.0003 for CD8-depleted versus nondepleted sample for delayed blockade). Moreover, there was a significant difference between the CD8-depleted samples with a lower IL-4 frequency in the delayed-treatment group (P = 0.035 for CD8-depleted control versus CD8-depleted delayed-blockade group), demonstrating a higher frequency of IL-4-producing cells in the presence of CD8 + T cells and following delayed ICOS blockade. *P < 0.05; **P < 0.01; ***P < 0.001.
Figure 5
The effect of delayed ICOS blockade in STAT4 -/-and STAT6 -/-recipients. Anti-ICOS mAb was used in BALB/c background STAT4 -/-and STAT6 -/-recipients transplanted with C57BL/6 hearts. (a) As compared with the untreated STAT4 -/-controls (MST, 10 days; n = 4), delayed ICOS blockade prolonged allograft survival in STAT4 -/-recipients (MST, 24 days; n = 5; P < 0.005). (b) By contrast, in STAT6 -/-recipients, whereas untreated controls had similar graft survival (MST, 10 days; n = 4), delayed ICOS blockade had no effect (MST, 10 days; n = 5; not statistically significant as compared with untreated controls).
CD28-deficient recipients significantly prolonged graft survival (P = 0.0122 for early blockade as compared with control, P = 0.0008 for late blockade as compared with control) (Figure 8a ). Thus, ICOS is an important regulator of alloimmune responses even in the absence of CD28 signaling.
ICOS expression is also regulated by CTLA-4 engagement (19) . To investigate the effect of CTLA-4 on regulating ICOS in alloimmune responses, we used a blocking anti-CTLA-4 mAb in combination with anti-ICOS mAb in both treatment protocols. Consistent with our previous data, CTLA-4 blockade alone resulted in a small yet significant acceleration of acute allograft rejection (8) . CTLA-4 blockade also promoted accelerated rejection with the concomitant use of ICOS blockade, regardless of which treatment protocol was used (Figure 8, b and c) . These data indicate that ICOS blockade is insufficient to overcome the loss of negative regulation after inhibition of CTLA-4 and that the beneficial effect on allograft survival is dependent on an intact CTLA-4 signaling pathway.
Discussion
The recently identified molecule ICOS (13) , which is the third member of the CD28 superfamily, has some unique features separating it from CD28. ICOS costimulation results in the increased production of IL-4, IL-5, and IL-10 but not IL-2 (13, 18, 58) . ICOS, unlike CD28, is not constitutively expressed on the T cell surface but induced upon cell activation (13) . The ICOS ligand B7h (20) is structurally related to the B7 molecules but binds neither CD28 nor CTLA-4.
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The Likewise, ICOS binds neither CD80 nor CD86 (13) . Thus, the ICOS-B7h pathway may provide a signal to compensate for a deficit in the CD28-CD80/ CD86 pathway or may play a unique role in addition to the CD28 pathway.
It has been previously demonstrated that blockade of the ICOS-B7h signal alone results in a modest prolongation of allograft survival (30, 59) , and our results with early ICOS-B7h blockade confirmed these findings. The observation of allograft survival in ICOS -/-recipients further supports this notion. However, ICOS blockade at different stages of the immune response results in disparate outcomes in some autoimmune models, with early and late blockade exacerbating and ameliorating EAE, respectively (33, 34) , and worsening acute but suppressing chronic graft-versus-host disease (35) . Our data suggest that in solid organ transplantation, this dichotomous effect occurs only in the context of a smaller clone size of reacting T cells. Both early and delayed ICOS blockade resulted in prolonged allograft survival in major-mismatched recipients with a larger frequency of alloreactive T cells, although delayed blockade does appear to be more effective. By contrast, in minor-mismatched recipients ICOS-B7h signal blockade in CD8-depleted or -deficient animals. Vascularized C57BL/6 hearts were transplanted into BALB/c recipients. (a) Anti-CD8-depleting mAb was administered to recipients preoperatively on days -6, -3, and -1, whereas anti-ICOS mAb was used as above. Preoperative CD8 depletion modestly prolonged allograft survival as compared with untreated controls (MST, 12 days; n = 9; P < 0.05). Interestingly, the beneficial effects of anti-ICOS mAb on allograft survival were abrogated in both early-and delayed-treatment groups when CD8 + T cells were preoperatively depleted (MST, 10 and 10.5 days, respectively; n = 6; P < 0.005 and P < 0.0005 as compared with early and delayed anti-ICOS mAb treatment groups, respectively). (b) Using CD8-deficient C57BL/6 recipients transplanted with BALB/c hearts, the beneficial effects of ICOS-B7h blockade using either treatment protocol were lost.
Figure 8
The interaction between the CD28/CTLA-4-B7 pathway and ICOS-B7h signal blockade. (a) CD28-deficient C57BL/6 recipients of a BALB/c heart all ultimately rejected their grafts (MST, 16 days). CD28-deficient recipients treated with early (MST, 31 days) or delayed (MST, 70 days) ICOS-B7h blockade had prolonged graft survival as compared with untreated controls (P = 0.0122 for early treatment as compared with controls and P = 0.0008 for delayed treatment as compared with controls), with delayed treatment resulting in significantly prolonged survival as compared with early blockade (P = 0.0089 for delayed as compared with early blockade). (b and c) Anti-CTLA-4 mAb was used in conjunction with anti-ICOS mAb. Vascularized C57BL/6 hearts were transplanted into BALB/c recipients. Anti-CTLA-4 treatment alone accelerated allograft rejection (MST, 7 days; n = 4; P < 0.005 as compared with untreated control). Anti-CTLA-4 abrogated the prolongation of allograft survival in the recipients of early (b) or delayed anti-ICOS mAb (c) treatment (MST, 7 and 6 days; n = 5; P < 0.005 and P < 0.0001, respectively) as compared with recipients of early or delayed anti-ICOS mAb treatment.
characterized by a smaller alloreactive T cell clone size, early blockade accelerated graft rejection, while delayed blockade prolonged survival. However, T cell clone size is not the only factor determining the outcome of an immune response in the absence of ICOS signaling. Recent data using an autoimmune arthritis model demonstrated that, in contradiction to the EAE model, ICOS-deficient animals are protected from developing collagen-induced arthritis (33, 60) .
ICOS blockade inhibited the effector mechanisms of allograft rejection, although that was dependent on the timing of antibody therapy. Alloantibody production was significantly suppressed in both early-and delayed-treatment groups and is in keeping with the recent data demonstrating an important role for ICOS in humoral immune responses (60) . However, the effect on alloantibody production cannot alone explain the differences in allograft survival between the early-and delayed-blockade groups. Importantly, the production of CD8 + T cell effectors was significantly suppressed in the delayed-but not the early-treatment group, suggesting that the effect of ICOS blockade on effector CD8 + T cell generation in vivo is not secondary to inhibiting early CD4 + T cell help. These data are in keeping with an important role for ICOS-B7h signaling in enhancing both naive and recall CD8 + T cell responses (50, 51) . Taken together, these data indicate that the contribution of ICOS costimulation to T cell responses and the functional consequences of ICOS blockade may be critically influenced by both the nature of the immune response, the responding T cell clone size, and the timing of intervention (61) .
ICOS-B7h signaling plays a role in both Th1 and Th2 differentiation (29) (30) (31) (32) , although it appears to be more crucial for Th2 development. However, the precise effect of ICOS deficiency or blockade on antigen-specific cytokine responses appears in part to depend on the models studied and the timing of blockade (30, 33, 60, 62) . The ICOS signal is necessary for Th2 cell development after immune priming, so that early blockade may result in a skewing to a Th1 response, and delayed blockade during the effector phase would maintain a Th2 response. Our data demonstrate that the frequency of alloreactive IL-10-producing recipient spleen cells with early or delayed anti-ICOS mAb treatment was significantly lower than in the control group, in keeping with findings from an allergen-induced airway hyperreactivity model (62) , whereas the frequency of IFN-γ-producing cells was higher in the delayed-treatment group. However, we demonstrated that in the delayed-treatment group there was a significant increase in IL-4 production, which was dependent on the presence of CD8 + T cells (there was also an increase in the early-treatment group but this was not statistically significant). Dissociation between IL-4 and IL-10 production after ICOS blockade has been previously reported (62) . Interestingly, we found that ICOS blockade was ineffective in prolonging graft survival in the absence of CD8 + T cells. Data from our alloreactive TCR transgenic model indicate that this is not due to a lack of effect on the CD4 + T cell population, whose expansion in vivo was significantly reduced after ICOS blockade. These data suggest that a subset of CD8 + T cells may be regulatory in nature. The mechanism by which the CD8 + T cells regulate remains uncertain. However, significant loss of IL-4 production after ex-vivo CD8 + T cell depletion suggests that these cells either directly or indirectly produce IL-4. Furthermore, and confirming these findings, our studies in STAT4 -/-and STAT6 -/-mice demonstrated that delayed ICOS blockade was not effective in STAT6-deficient recipients that are also deficient in Th2 cytokines. The importance and function of CD8 + regulatory T cells have been recently appreciated (52) (53) (54) (55) . A number of mechanisms of action have been found for such cells using different models, including a direct effect on pathogenic CD4 + Th cell phenotype (63) and an effect mediated through alterations in APC function (54) . Definitive proof of a role for regulatory CD8 + T cell populations in allotransplantation after ICOS blockade and their characterization and mechanisms of action require further in-depth studies.
Although there are a number of costimulatory molecules capable of fully activating T cells, the various expression patterns and resultant effector functions of these molecules suggest some degree of compartmentalization or hierarchy among the costimulatory pathways (64, 65) . Interestingly, despite CD28 costimulation optimizing ICOS expression, we have shown that in the absence of CD28 signaling ICOS remains an important mechanism for T cell activation during alloimmune responses, in part explaining how grafts are rejected despite an absence of CD28 costimulation. Furthermore, the beneficial effects of ICOS blockade are lost in the absence of CTLA-4 signaling. These findings further demonstrate the complex interactions between these two pathways in vivo.
In conclusion, we have shown that ICOS-B7h blockade induced prolongation of allograft survival more effectively during the effector/differentiation phase than the priming phase of the alloimmune response and that ICOS-B7h signaling is important for T helper cell differentiation in alloimmunity. Therefore, given our results, manipulation of the ICOS-B7h signaling pathway in order to prolong graft survival may be best initiated after T cell priming.
